Abstract. Tornadoes are furious convective weather phenomena, with the maximum frequency over Greece during the cold period (autumn, winter).This study analyzes the tornado event that occurred on 12 February 2010 near Vrastama village, at Chalkidiki's prefecture, a non urban area 45 km southeast of Thessaloniki in northern Greece. The tornado developed approximately between 17:10 and 17:35 UTC and was characterized as F2 (Fujita Scale). The tornado event caused several damages to an industrial building and at several olive-tree farms.
Introduction
Tornadoes are one of nature's most extreme and violent phenomena with high localized damage potential associated with severe convective storms. Extremely high winds, inside and around the tornado's funnel, are able to cause destruction even in strong buildings and in many cases loss of life. Despite the significant improvement in understanding and forecasting tornadoes (short term), owning to both theoretical insight progress and the use of Doppler Radars (Holum et al., 1997; Bluestein et al., 1997) , their small spatial scale and short lifetime seem to be the determinant factors about the various natural mechanisms that produce these intensely swirling air columns (Church et al., 1993) . Tornadoes occur in many parts of the world (Fujita, 1973) and several publications during the last two decades indicate their occurrence
Correspondence to: P. T. Nastos (nastos@geol.uoa.gr) in many European countries (Dessens, 1984; Dessens and Snow, 1987; Gayá et al., 1997; Paul, 1999; Reynolds, 1999; Dotzek, 2001; Holzer, 2001; Bertato et al., 2003; Dotzek, 2003; .
However, remarkable tornado events in Greece occurred between 1900 and 1999 have been reported only in limited academic research (Livadas, 1954; Kanellopoulou, 1977; Ogden, 1984; Flocas, 1992; Sioutas, 2002; . as well as focus on exceptional Greek tornado events that took place after 2000, such as the tornado in Athens' international airport "Eleftherios Venizelos" and the one registered in Varda, at Elias prefecture western Greece. In due course, a systematic tornado recording research initiated by the Laboratory of Climatology and Atmospheric Environment (LACAE) of National and Kapodistrian University in Athens (NKUA) 4 yr ago. For academic purposes, an online tornado report system (http://tornado.geol.uoa.gr) was established developing an online tornado database for
Published by Copernicus Publications. Greece that records general public data. In this study a thorough analysis of the catastrophic tornado event near Vrastama village of Chalkidiki (Northern Greece) is carried out. It is apparent that this tornado was not the first in history over Greece and definitely it will not be the last one. For the first time in Greece a high spatial WRF-ARW simulation was carried out in order to investigate the capabilities of this NWP model on severe convective events, such as this tornado event.
Tornado survey
The tornado occurred 2.5 km south of Chalkidiki's Vrastama village, a non urban area 45 km southeast of Thessaloniki in northern Greece (Lat: 40.36, Lon: 23.54; Figs. 2d, 4) , on 12 February 2010. The system developed approximately between 17:10 and 17:35 UTC, caused significant damages at a green olive processing unit and on several olive oil farms. Based on the caused damages ( Fig. 1) , it could be characterized at least as an F2 (Fujita scale) or T4-T5 of TORRO scale (Meaden, 1976) . The tornado carried away by 200-400 m several metallic parts of the oil processing building while scattered broken branches of olives oil trees were found along the tornado path.
Synoptic survey
The upper air analyses showed that during the day of the event a closed cyclonic circulation that prevailed at the isobaric level of 500 hPa over central Italy (Fig. 2a) was associated with cold air masses (−35 • C). The closed low induced a SW upper air stream over the area of interest at 12:00 UTC (ECMWF ERA-Interim data used in this study have been obtained from the ECMWF data server). The cyclonic circulation extended throughout the lower troposphere. At Mean Sea-Level (MSL), the low was located over central Adriatic Sea at 12:00 UTC (not shown) and was associated with a cold front (over western Greece) propagating eastwards. At 18:00 UTC the UKMO MSL pressure analysis shows that the cold front extended from northern Greece to Peloponnesus (south Greece) and northern Libya through the area of interest (Fig. 2b ). MSG-2 satellite imagery at Ch9 (10.8 µm) revealed convective clouds (Cb) associated with the cold front affecting the area of interest at 17:30 UTC ( Fig. 2c) . At the time of event, the nearest meteorological station of Thessaloniki-LGTS (∼45 km NW of the event) reported significant weather phenomena such as Cb.
The thermodynamic environment about the closest upper air station (LGTS) at 12:00 UTC (∼4 h prior to the event) did not reveal any significant storm index (K Index: 21.6
• C, Showalter Index (SI): 4.52
• C, Severe Weather Threat Index (SWEAT): 69.76, Convective Available Potential Energy (CAPE): 14.12 (J kg −1 ) and Lifted Index (LIFT): 2.39
• C. Figure 2d illustrates the spatiotemporal variability of lightings from 17:00 to 18:00 UTC, which were acquired by Hellenic National Meteorological Service (HNMS) The white "X" denotes the location of the tornado while the yellow stars, the red stars and the red spikes show the lightning at 17:00, 17:30 and 18:00 UTC, respectively. The images of "Aeolus 13" which is the closest radar of the HNMS Radar Network "Alkioni" depicted the convective cloud system propagating eastwards. Aeolus 13 that is located at LGTS, was established in 1980 and its type is WSR-74S (S Band wavelength 10 cm). During 2007 its receiver and software (IRIS) were both upgraded. In Fig. 3 the CAPPI (Constant Altitude Plan Position Indicator) at 1km height ( Fig. 3a-c) and MAX (MAXimum Reflectivity) products ( Fig. 3d-f ) are presented in a 15 min time step. At 17:30 UTC maximum reflectivities of 44-50 dbz appeared in the area of interest.
WRF numerical model simulation
The WRF-ARW V3.2.0 nonhydrostatic numerical model (Skamarock et al., 2008; Wang et al., 2010) was used in order to simulate the weather conditions at 12 February 2010. Three 2-way interactive nested domains were LGTS is the airport of Thessaloniki and VR stands for Vrastama.
utilized (Fig. 4a) . The spatial resolution of the model was 12km for D1 (over central and eastern Mediterranean Sea), 4 km for D2 (over Greece) and 1.333 km for D3 (over northern Greece-Chalkidiki; Fig. 4b ). The runs started at 00Z on 12 February 2010 and the forecast horizon was 24 h.
The ECMWF analysis and 3-hourly forecasts of the 00:00 UTC cycle of 12 February 2010 with a spatial resolution of 0.125 × 0.125 degrees were used as initial and lateral boundary conditions, respectively, for the domain D1. The seasurface temperatures were also derived from the ECMWF MAE GPH 500hPa MAE GPH 850hPa ME GPH 500hPa ME GPH 850hPa
(a) MAE T 500hPa MAE T 850hPa ME T 500hPa ME T 850hPa
(b) 1 analysis and were kept fixed to their initial values throughout the simulations. In the vertical, 39 sigma levels (up to 50 hPa) with increased resolution in the boundary layer were used by all nests. The GFDL scheme, the MoninObukhov (Eta), the Mellor-Yamada-Janjic level 2.5 and the NOAH Unified model were used in all nests to represent longwave/shortwave radiation, surface layer, boundary layer and soil physics, respectively. Cumulus convection was parameterized only in nests D1 and D2 by the Kain-Fritsch (new Eta) scheme. The Ferrier (new Eta) microphysical scheme is used by several operational NWP models as SK-IRON, Eta, WRF-NMM and for this reason we stacked to this microphysical scheme to simulate our case study.
Results and discussion
With continuously improving computer technology, highresolution model simulations can be conducted to study severe weather phenomena such as tornadoes in order to determine how far in advance these processes can be predicted. In our case study a tornado formed near Vrastama village, (Chalkidiki's prefecture) in northern Greece, between 17:10-17:30 UTC on 12 February 2010. The tornado intensity could be characterized as F2 (Fujita scale) based on the significant damages. The tornado formation was associ- ated with the passage of a cold front propagating eastwardnortheastward.
In order to evaluate the WRF forecasts we proceed through the comparison of ECMWF gridded analyses and WRF forecasts. All statistics (Mean Absolute Error -MAE and Mean Error -ME) were calculated in the inner domain (D3) for Geopotential Height of 500 hPa and 850 hPa, as well as the temperature for these levels (Fig. 5) . The WRF forecasts were interpolated at the locations of ECMWF data (0.125 × 0.125 deg.) and all statistics were resulted from a total of 234 pairs of forecast/analysis at each time. The WRF underestimated (∼15 gpm) the Geopotential Height (GH) at 500 and 850 hPa after 06:00 UTC (thus predicting a deeper approaching through), but did very well for both temperatures (T ) at 500 and 850 hPa at 18:00 UTC.
Additionally to GH-T comparison of middle and lower atmosphere, we calculated the statistics (Mean Error, Mean Absolute Error and Root Mean Square Error) of Temperature (T ) and Dew-Point Temperature (T d ) at LGTS on 12 February 2010 (Fig. 6) . The LGTS is the closest (∼45 km) meteorological station of HNMS Meteorological Station Network. The statistics were derived from a total of 47 pairs of Metar Observations and WRF forecasts at LGTS. The WRF output Temperature (T ) after 06:00 UTC overestimated the real temperature and 3 h later underestimated it until 12:00 UTC. After this time it followed too close the real temperature.
On the other hand, the Dew-Point Temperature (T d ) after 12:00 UTC did pretty well with the real Dew-Point Temperature. In sum the Temperature (T ) was underestimated by WRF with a mean error of 0.6181 and Dew-Point (T d ) was also underestimated with a mean error of 0.4188 (Table 1) . The statistical scores of temperature and dew-point temperature at the airport of Thessaloniki (LGTS) are lower than those exhibited by the statistical evaluation of modern high resolution NWP models in Greece. Gofa et al. (2008) • C for temperature and 2.3-3.3
• C for dew-point temperature in the first 24 forecast hours. Certainly, one must keep in mind that the scores of our study (a) correspond to a single high-impact weather event at one station and not to a long period with different weather types at several stations and (b) are based on METAR observations in which the temperatures are rounded to the nearest integer (introducing a maximum error of ±0.5
• C).
Moreover, we carried out a verification of Vertical profiles of predicted Temperature (T WRF), observed Temperature (T sounding), predicted Dew-Point Temperature (T d WRF) and observed Dew-Point Temperature (T d sounding) at LGTS on 12:00 UTC 12/02/10 (not shown). The predicted vertical profile of T (T WRF) was identical with the observed Temperature (T Sounding). The predicted T d vertical profile was identical with the observed T d (T d Sounding) up to 600 hPa. Futher higher a predicted T d was ranged ±10
• C from the observed T d .
Lift Index, K Index and others thermodynamic indices were calculated for tornado's spot at 18:00 UTC. The indices were based on ECMWF analyses and WRF 18 h forecasts and carried through the RIP software calculations. The 18 h predicted indices via WRF were too close with the ECMWF analysis indices (Table 2) revealing conditions for convective event. In addition to the above predicted thermodynamic indices, the WRF-ARW model revealed the Bulk Richardson Number Shear (BRNSHR) over the area of interest with maximum values of 300-400 m 2 s −2 at 17:30 UTC (Fig. 7a) . The Energy Helicity Index (EHI) that combines he- licity and instability into one number was also was depicted at 17:30 UTC over the area of tornado formation (Fig. 7b) as the storm was approaching. Similar conclusions are drawn from the investigation of the following forecasts products: the Storm-Relative Environmental Helicity (SREH, Sfc -3 km) in Fig. 7c and Vorticity Generation Potential (VGP) in Fig. 7d . It is worth to mention that the WRF forecasts products of maximum reflectivity predicted for 17:40 UTC and 17:50 UTC values equal to 49.5 and 52 dBz respectively. These values are in agreement with the RADAR products with an offset of 10 min (MAX reflectivity 44-50 dBz).
It is apparent that the analysis described in this paper is based on a single case study, therefore it may not be appropriate to generalize the results obtained by the WRF-ARW. An ambitious project is in progress by the authors in order to present a thermodynamic climatology of indices for tornado formation over specific sub regions of Greece. However, this case study demonstrates the usability and capability of high resolution WRF-ARW model in simulating severe convective events with a lead period of 18 h. Relative Environmental Helicity (m 2 s -2 ) (c) and Vorticity Generation Potential (m s -2 ) (d).
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Calculated using the RIP software. 
